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ABSTRACT

Large arrays of perpendicularly oriented anisotropic nanoparticles of ferric oxyhydroxide
(Akaganeite, B-FeOOH) and oxide (Hematite, o-Fe;Os) of typically 3-5 nm in diameter, self-
assembled as bundles of about 50 nm in diameter and of up to 1 um in length have been
successfully grown onto polycrystalline substrates without template and/or surfactant by
heteronucleation from an aqueous solution of ferric salts and their optical and electronic
properties investigated.

INTRODUCTION

Iron compounds are essential materials in chemistry, biology and geology due to their large
occurrence in nature [1], for instance, in water [2], plants [3], minerals [4] and clay minerals [5],
sediments [6], and sedimentary rocks [7]. The molten core of the Earth is primarily elemental
iron, which is the fourth most abundant element in the Earth’s crust and is found in significant
amount in Martian soil [8]. The oxides of iron play a central role in geochemistry of soil [9], in
planetary science [10], and contribute for instance, to the oxidation of sedimentary organic
matter [11]. In its various allotropic forms, iron oxides and oxyhydroxides represent important
basic and raw materials [12]. Their large abundance, non-toxicity, low-cost, high refractivity,
and various colors, contribute to their popularity as polishing agents, and for colorants (red and
yellow ochre) for the pigment and paint industry. Indeed, iron oxides are the most commonly
used colored pigments in the paints and coatings market [13]. It is also widely studied for the
alloys and steel industry [14], in metallurgy [15], as catalysts [16-18] and photocatalysts [19], for
magnetic storage devices, cathodes for primary and secondary batteries [20], chemical flame
suppressant [21] and for the crucial industrial, economical and environmental issue of corrosion
[22]. The thermodynamically stable crystallographic phase of ferric oxides is hematite (0t-Fe>Os)
which represents the most important ore of iron considering its high iron content and its natural
abundance. Therefore, designing iron(IIl) oxides with a novel, anisotropic and highly oriented
morphology is of great fundamental importance for basic physical, earth and life sciences and of
relevance for various fields of industrial applications. Numerous vacuum deposition techniques
have been used to generate thin films of iron oxides (e.g. molecular beam epitaxy [23], chemical
vapor deposition [24], cathodic sputtering [25], and metal deposition and subsequent oxidation
{26]). Our strategy is a chemical approach and a general concept named “purpose-built
materials” [27], well-sustained by a thermodynamic monitoring of the nucleation, growth and
ageing processes [28] and well-illustrated on the nanoparticle size control of magnetite (Fe;0y)
over an order of magnitude [29]. This concept and synthetic method allows to design and create
novel metal oxide nanomaterials with the proper morphology, texture and orientation in order to
probe, tune, and optimize their physical properties. Thin films materials are obtained by direct
growth onto various substrates from aqueous precursors at low temperature. Such approach to
material synthesis offers the ability to generate anisotropic nanoparticles as well as the
competence to control their orientation on substrates.
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EXPERIMENTAL

The general concept [27] and synthetic procedure is performed according to the gencral
template-less thin film processing technique developed by Vayssieres et al. [30] and has been
successfully applied for the growth of large arrays of highly oricnted anisotropic metal oxides
[31, 32]. Iron(11I) oxides thin films (akaganeite and hematite) are grown directly onto a substrate
from aqueous ferric chloride salt at 95°C in such conditions that the thermodynamic stabilization
of the oxyhydroxide structurc (akaganeite) is obtained [31]. A subsequent heat treatment in air is
performed to obtain monodispersc nanorod-array of hematite. The solid phase transition was
followed by thermal analysis (i.e. differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) performed in air at a heating rate of 10°C/min. The electronic structure was
investigated by soft x-ray absorption spectroscopy (XAS) at synchrotron facilities (Advanced
Light Source, Lawrence Berkeley National Laboratory, BL 7.0.1).

RESULTS AND DISCUSSION

B-FeOOH occurs in nature as the mineral akaganeite and crystallizes in the tetragonal

system (space group I4/m= C3, , a = 10.44, ¢ = 3.01 A). The structure is described as a tunnel

structure (similar to &-MnO,) hosting H,O or Cl and based on a defect close packed oxygen
lattice with three different kinds of oxygen layers. Every third layer is only two-third occupied
with rows of oxygens missing along the c-axis. The cation occupation of octahedral sites
between the other anion layers is in double rows, but separated by single rows of empty sites
along c. The octahedral cation sites remain between the third anion layer and its neighbor layer
are completely filled. This topology produces di-octahedral chains, which are arranged about the
four-fold symmetry c-axis (figure 1). The chains share vertices along their edges, forming
square-cross section tunnels, some 5 A on edge. Although, the tunncl seems large it must be
noted that only a single row of oxygens is missing. Hence, only specics with sizes similar to Oy
ions can be readily accommodated. The crystals are rod shaped grouping of 5*5*n unit cells
where n refers to replication down the c-axis. These crystals have empty cores, that is, 3*3*n cell
hole runs down the center of the crystal, producing a square channel about 3 nm on a side. The
anisotropic crystals form a bundle called a somatoid. Dehydration of B-FeOOH at high
temperature leads to the thermodynamically stable o-Fe:Os phase.

Figure 1. Crystal structure of f-FeOOH (akaganeite). The spheres represent hvdrogen atoms.
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Figure 2. TGA (left scale) and DSC (right scale) analysis of B-FeOOH nanorod powder.

Thermal analysis of B-FeOOH nanorods (figure 2) shows a low overall weight loss of

3.75% within the range of 100-600° C. A 0.5% loss due weakly bonded water molecules occurs
until 200°C. Most of the weight loss (3%) is occurring between 200 and 300°C accompanied by
a broad endothermic shoulder which corresponds to the evaporation of structural water. A very
sharp exothermic peak occurs at 385°C with a concomitant 0.2% loss of water corresponding to
the crystal phase transition to hematite. A continuous slow decay of the TGA curve is observed
until 600°C corresponding to the slow process of diffusion and evaporation of surface/butk OH
groups as H,O with a very small exothermic peak at 540°C.

Hematite crystallizes in the trigonal crystal system, space group R = DS, , and is

isostructural with corundum (a-Al;O3). The unit cell can be described as rhombohedral with
three equal axes a = 5.43 A and an angle between edges 0. = 55°18° containing two formula unit
(Z = 2), or hexagonal with a = 5.03A and ¢ = 13.75 A (Z = 6). The lattice is built on a hexagonal
close packed (HCP) array of oxygen with four of every six available octahedral sites around O
atoms occupied with Fe (figure 3). The octahedral and tetrahedral sites are above and below one
another in a HCP lattice, the tetrahedral sites remaining empty. Octahedra are sharing faces along
a threefold axis and are distorted to trigonal antiprisms because of the Fe-Fe repulsion occurring
across one shared face and not the others. This yields to a very dense structure (i.e. high oxygen
packing index), showing a high polarisability and a high refractive index.

Figure 3. Crystal structure of a-Fe;0; (hematite).
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Figure 4. (left) TEM of 0-Fe,0; somatoid and (right) SEM of o-Fe;0; oviented nanorod-array.

The purpose-built nanorod-array, consisting in a somatoid of about 50 nm in diameter
with single-crystalline nanorods of 3-5 nm in diameter, perpendicularly oriented onto the
substrate is shown on figure 4. Figure 5 shows the x-ray absorption spectra (XAS) of hematite
nanorod-array at Fc L-cdge and O K-cdge. The Fe L-cdge (2p — 3d) spectrum shows the spin
orbit splitting of the 2p core level, i.e. 2p3» (Ls-edge) and 2p» (Ly-edge) and the p-d and d-d
coulomb and exchange interactions that create multiplet feature within the edge. The ligand field
splitting of 3d transition metals being in the same order of magnitude than p-d and d-d
interactions, the energy splitting between t;, and e, orbitals of the Fe*' ion (d°) in distorted
octahedral symmetry is found to be of 1.4 eV. The oxygen K-edge spectrum (1s — 2p) shows
two regions corresponding to oxygen 2p orbitals hybridized respectively, with Fe 3d orbitals
(530-535 V) and with Fe 4s,4p orbitals (535-550 eV).

The UV visible properties of the hematite nanorod-array are shown on figurc 6. A strong
optical absorption in the UV and visible (blue) region (350-550 nm) is found, which spread out,
to a lower extent, into the entire visible region. This broad absorption and good stability against
photocorrosion (Eg = 2.2 eV) has driven much efforts in the past to produce photovoltaic cells
from n-type hematite materials but very unsuccessfully, duc to a high and fast ratc of
recombination of photogencrated carriers and a low carrier mobility. Thin films of
nanostructured hematite based on spherical nanoparticles of 50 nm have been synthesized in an
attempt to reduce the charge recombination but the efficiency remained very low [33].
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Figure 5. XAS spectra at Fe L-edge (left) and O K-edge (right) of o-Fe,0; nanorod-array.
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Figure 6. UV-Visible optical absorption spectrum of hematite nanorod-array.

Recently, such purpose-built perpendicularly oriented nanorod-arrays of hematite have
been used to develop photovoltaic cells. Indeed, the diameter of the nanorods allows a perfect
match with the minority carrier diffusion length of hematite [34]. Accordingly, a very efficient
photogenerated charge separation was obtained as well as a high incident photon to electron
conversion efficiency of ca. 60% at 350 nm, which led to the creation of a 2-electrode hematite
photovoltaic cells [35]. Besides the well-designed direct, grain boundary-free, electron pathway
and the excellent structural match with the hole diffusion length, a 2D quantum confinement has
also been suggested from resonant inelastic x-ray scattering (RIXS) of synchrotron radiation [36]
to account for the unusual high efficiency of the hematite nanorod-array photoanode.

Such design is suitable for other oxides and allowed, for instance, the creation of highly
oricnted arrays of ZnO [32] to study the photoelectrochemical, electron transport, and
luminescence properties as well as to probe and demonstrate the character and symmetry of ZnO
conduction band orbitals by polarization-dependent x-ray absorption spectroscopy and quantum
calculation study [37].

CONCLUSION

The ability to produce, at low cost, anisotropic nanoparticles and to control their
orientation onto a substrate in order to generate well-controlled 3D nanostructures, will
contribute to create a novel generation of smart and functional nanomaterials, built for the
purpose of their applications: the materials of the future. Simultaneously, it should contribute to
reach a better fundamental understanding of their fascinating physical properties and therefore,
bring the competence to optimize existing devices and, most probably, developing new ones.
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